Cadmium, a non-essential and toxic metal, negatively affects plant growth and productivity, and alters the plant's physiological processes necessary for its survival. The present study was designed to explore the individual and combined effects of calcium and salicylic acid (SA) on the morphology and physiology of Brassica juncea L. cv. Varuna under cadmium stress. The application of calcium (2 mM) through the soil and/or SA (10 −5 M) as foliar spray enhanced the growth, photosynthetic parameters, and proline content determined after 45 days of treatment. The application of cadmium (6 mg kg −1 ) through the soil was toxic and decreased both growth and the photosynthetic parameters. The application of calcium and SA in combination was most effective in alleviating the harmful effects of cadmium on growth and photosynthesis. Calcium and SA clearly induced plant protection mechanisms by enhancing proline and chlorophyll accumulation in the leaves.
Introduction
Abiotic stresses, such as salinity, drought, heat, cold, flooding, and heavy metal contamination, are the major factors that negatively affect crop growth and productivity worldwide. Among the heavy metals, cadmium is a non-essential and toxic metal (Sanita di Toppi and Gabbrielli, 1999) , which is rapidly taken up as Cd 2+ by roots and accumulated in various plant tissues (Amani, 2008) reducing the crop growth and productivity. It easily enters the food chain and therefore poses serious threats to human health (Hall, 2002) . The inhibition of root elongation is the most sensitive parameter of Cd 2+ toxicity (Guo and Marschner, 1995) . Cd 2+ toxicity affects the photosynthesis by inhibiting the biosynthesis of chlorophyll (Lea et al., 2007) , chlorophyll content (Hayat et al., 2013) and stomatal opening (Sandalio et al., 2001) , and finally slows down the rate of photosynthesis (Hayat et al., 2013) . The metal causes an increase in the level of proline (Hayat et al., 2013) that acts as an osmoprotectant, membrane stabilizer, and scavenger of reactive oxygen species (ROS) (Apel and Hirt, 2004) .
Calcium taken up as Ca 2+ , an important signaling messenger and essential nutrient, plays a key role in many plant cellular responses (Miller et al., 2009) . It competes with the uptake of Cd 2+ in plants (Ismai, 2008) and thus alleviates the metal toxicity stress by restoring the plant metabolism and chlorophyll content (Zhang et al., 1998) . The first target of heavy metal toxicity in plants is the plasma membrane (Hall, 2002) , the damage of which alters the normal Ca 2+ signal transduction system, which serves as a stress signal mediator (Lynch, 1989) . Therefore, application of a moderate amount of exogenous Ca 2+ can alleviate the plant's environmental stresses by enhancing the plasma membrane stability and restoring the calcium signal transduction system (Cramer, 1985) . Several authors have reported the alleviation of cadmium toxicity by exogenous Ca 2+ in many plants such as beans (Ismai, 2008) , faba beans (Siddiqui et al., 2012) , and cabbage (Chen et al., 2002) . Salicylic acid (SA) has been recognized as an endogenous plant growth regulator that generates a wide range of metabolic and physiological responses in plants, thereby affecting their growth and development (Hayat et al., 2010) . The application of SA has been found to effectively enhance the growth of plants exposed to various stressful environments such as high salinity, heavy metals, temperature extremes, water stress, and irradiance (Hayat et al., 2010 (Hayat et al., , 2014 . Exogenous application of SA has been found to increase photosynthetic parameters and plant water relations (Hayat et al., 2014) .
The objective of the present study was to assess the ameliorative roles of SA and/or Ca 2+ against the cadmium toxicity in Brassica juncea L. cv. Varuna based on the measurement of growth and photosynthetic parameters.
Materials and Methods

Plant material and treatment
Healthy seeds of Brassica juncea L. cv. Varuna procured from Chola Beej Bandhar, Aligarh, India, were surface-sterilized with 0.01 % HgCl 2 solution followed by repeated washings with double distilled water (DDW). The experiment was conducted with 28 earthen pots (diameter, 25 cm; height, 25 cm) filled with sandy loam soil mixed with farmyard manure [organic carbon, 16.78 %; pH, 8.18 ; EC, 3.70 d Sm −1 ; the following elements (in mg kg −1 soil): total N, 96; P, 7.38; K, 144.5; Fe, 1980; Mn, 182; Cu, 12.7; Zn, 55.4; Cd, 0.34; Ca, 67.8; Mg, 23 .0] in a ratio of 9:1. The pots were arranged in such a way that each treatment had four replicates, and within each pot three plants were maintained under simple randomized block design in the net-house of the Botany Department, Aligarh Muslim University, Aligarh, India. Surface-sterilized seeds of Brassica juncea L. cv. Varuna were sown in soil, moistened with water, and allowed to germinate. Six days after sowing (DAS), the soil was amended with CdCl 2 (32.7 µ M; 6 mg Cd kg −1 soil) and/or CaCl 2 (2 mM) solution. At 30 DAS, plants were sprayed with DDW and/or SA (10 −5 M). Each seedling was sprayed three times with 1 mL each time. The plants were then sampled at 45 DAS to determine the parameters given below.
Growth biomarkers
The plants were uprooted from each pot, washed under running tap water to remove the adhering soil particles, and then dried by using a blotting sheet. The length of root and shoot was measured by a metric scale, and the fresh weight of the samples was recorded. The leaves of the plants were kept in an oven (80 • C for 48 h) for dehydration and then weighed again to record their dry mass. The leaf area was measured by a portable leaf area meter (AM300; ADC BioScientific, Hoddesdon, Hertfordshire, United Kingdom).
Chlorophyll determination
The chlorophyll concentration in leaves attached to plants was measured by a SPAD chlorophyll meter (SPAD-502; Konica Minolta Sensing, Inc., Osaka, Japan), and is given in relative SPAD units.
Gas exchange parameters
The gas exchange parameters, i.e. net photosynthetic rate (P N ), stomatal conductance (g s ), internal CO 2 concentration (C i ), transpiration rate (E), and water use efficiency (WUE) were measured using a portable photosynthesis system (LI-6400; LI-COR, Lincoln, NE, USA). The measurements were made in the uppermost fully expanded leaves of a plant under clear sunlight.
Leaf proline content
The proline content in fresh leaves was determined spectrophotometrically using the ninhydrin method given by Bates et al. (1973) .
Statistical analysis
Treatment means were compared by the analysis of variance using SPSS (SPSS ver. 17 for windows; IBM, Chicago, IL, USA). The standard error between replicates was also calculated.
Results
Growth biomarkers
SA, Cd, and Ca concentrations were chosen on the basis of data provided by Hayat et al. (2012 Hayat et al. ( , 2013 and Siddiqui et al. (2012) , respectively.
Growth parameters, i.e. length, fresh and dry mass of root and shoot, and leaf area, were significantly (P ≤ 0.05) reduced by 28 %, 13.5 %, 18 %, and 15.5 % with the application of Cd 2+ through soil, at 45-daysstage compared to the control (Fig. 1) , while treatment with Ca 2+ through the soil and spray of SA to the foliage increased the growth of the plants in the absence of Cd 2+ stress. The toxic effects of Cd 2+ were significantly overcome in all growth parameters by the appli- cation of SA alone or in combination with Ca 2+ to the metal-stressed plants.
Chlorophyll content
Plants receiving Ca 2+ through the soil or/and SA as foliar spray contained more chlorophyll at 45-days-stage of growth (15 %, 21 %, and 43 % higher compared to control plants) (Fig. 2A) . In the presence of Cd 2+ in the soil, the chlorophyll content was reduced by about 17 %, and this negative effect of Cd 2+ stress was significantly overcome by the application of SA alone or in combination with Ca 2+ .
Gas exchange parameters
Gas exchange parameters, i.e. net photosynthetic rate (P N ), stomatal conductance (g s ), internal CO 2 concentration (C i ), and transpiration rate (E), were significantly reduced by Cd 2+ stress at 45-days-stage, the decrease being 14 %, 15.8 %, 15.2 %, and 14.8 %, respectively, compared to control plants (Figs. 2B -E) . The toxic effects caused by Cd 2+ were effectively overcome by either Ca 2+ or SA alone or their combination at 45-days-stage. Plants receiving the combination of SA and Ca 2+ exhibited the highest values of the gas exchange parameters at 45-days-stage, and the parameters were increased by 25.1 %, 32.9 %, 25.9 %, and 38.9 %, while SA alone increased the parameters by 20.9 %, 23.7 %, 17.8 %, and 28.9 % at 45-days-stage with respect to water-sprayed control plants.
Leaf proline content
An increase in the proline content was observed in plants that had received Cd 2+ , Ca 2+ , and SA by 13.9 %, 9.9 %, and 16.7 %, respectively, in comparison to control plants. The maximum value of the proline content (increase of 39 %) was found in the plants receiving the interactive treatment of Cd 2+ , Ca 2+ , and SA (Fig. 2F) .
Discussion
Cadmium is an important phytotoxic element that causes growth inhibition and even plant death. In our present study, cadmium fed through the soil caused significant damage to plants as expressed in terms of reduced growth (length of shoot and root, fresh and dry mass, and leaf area) (Fig. 1) . The cause of this damage may be the loss of cellular turgor, inhibition of cellular activities, and reduction of cell enlargement (Sanita di Toppi and Gabbrielli, 1999) . Cadmium also becomes associated with the cell wall and middle lamella, which increases the cross-linking of pectins and results in the inhibition of cell growth (Poschenrieder et al., 1989) .
Follow-up treatment with SA (in the presence and absence of Ca 2+ ) improved the growth of plants, the combination of Ca 2+ and SA being most effective (Fig. 1) . This may be explained on the basis of the roles of Ca 2+ and SA in signal transduction. SA acts at the level of transcription and/or translation thereby increasing the activity of various enzymes necessary for the growth of plants (Hayat et al., 2010) . SA also enhances the accumulation of abscisic acid and indole-3-acetic acid that improve the protective and growthpromoting effect of SA (Sakhabutdinova et al., 2003) . The ameliorative effect of Ca 2+ is related to the enhancement of potassium ion concentration and the decrease of Cd ion concentration in the roots (Kurtyka et al., 2008) . Likewise, Rivetta et al. (1997) reported that the negative effects of Cd 2+ on radish growth could be reversed by Ca 2+ application.
Photosynthetic parameters and the chlorophyll content are affected by metal stress of plants and used as indicators of the severity of the stress (Küpper and Kroneck, 2005) . In the present study, Cd 2+ application through the soil caused a decrease in various photosynthetic parameters (P N , g s , C i , and E) and the chlorophyll content ( Figs. 2A -E) . It has been suggested that thylakoid membrane leakage under Cd 2+ stress (Najeeb et al., 2011) might be responsible for the decrease in photosynthesis. Another possible reason may be that the closure of stomata in response to the decreasing partial pressure of CO 2 in the stroma under Cd 2+ stress (Barcelo and Poschenrieder, 1990) becomes the direct cause of the loss of stomatal conductance (g s ), internal CO 2 concentration (C i ), and transpiration rate (E). Therefore, a cumulative effect of all these altered processes leads to a decrease in the photosynthetic rate.
Furthermore, Cd 2+ enhances the activity of chlorophyllase that initiates the degradation of chlorophyll (Reddy and Vora, 1986) , and it also causes a decline in the synthesis of δ -amino-levulinic acid and the protochlorophyllide reductase complex (Stobart et al., 1985) leading to a decrease in the chlorophyll concentration ( Fig. 2A) and the photosynthetic rate (P N ) (Fig. 2B ), as observed in other studies as well (Hayat et al., 2013) . Application of SA to either unstressed or Cd 2+ -stressed plants increased all the photosynthetic parameters (Figs. 2B -E) . The exogenous application of SA has been shown to raise thephotosynthetic pigment concentration and the activities of Rubisco and PEP carboxylase (Singh and Usha, 2003) . The improvement of all these characteristics ultimately leads to an increase in the net photosynthetic rate. Moreover, Ca 2+ acts as signaling molecule and is involved in the opening and closing of stomata (McAinsh and Pittman, 2009 ). It thus improves the stomatal conductance as observed in this study.
In order to cope with environmental stresses, plants have developed certain adaptive mechanisms. One such mechanism is the accumulation of compatible organic solutes such as proline (Kavi Kishor et al., 2005) . Therefore the increase in the proline content in plants subjected to Cd stress was expected (Fig. 2F) . Several reports have suggested the antioxidant character of proline, scavenging ROS particles and acting as singlet oxygen quencher (Matysik et al., 2002) . Treatment of plants with SA and/or Ca 2+ in the presence or absence of stress enhanced the proline content (Fig. 2F) . The increase of the proline content by Ca 2+ application is in agreement with the reports of Nayyar and Walia (2003) and Arshi et al. (2010) who found that Ca 2+ reduces stress effects by elevating the contents of proline and glycine betaine in wheat and Cichorium intybus L. seedlings. Enhancement of proline levels by Ca 2+ and SA indicates the ameliorative role of this compound against Cd 2+ stress.
Conclusion
Cd 2+ stress (6 mg kg −1 soil) has been found to cause a significant reduction in growth and photosynthetic parameters in Brassica juncea L. cv. Varuna. At the tested concentrations, SA reduced the toxic effects of Cd 2+ more efficiently than Ca 2+ , while the combination of the two completely overcame Cd 2+ toxicity.
